In Brief
Nie et al. identify TLR2/4 as crucial mediators of repeated stress-induced microglial activation in the mPFC, which leads to neuronal and behavioral changes through inflammation-related cytokines. These results highlight pivotal roles of innate immunity in the mPFC in repeated stress.
INTRODUCTION
Repeated environmental stress induces maladaptive behavioral changes, including depression and anxiety, and is a risk factor for various human psychiatric disorders (Duman and Aghajanian, 2012; Krishnan and Nestler, 2008; McEwen and Morrison, 2013) . To elucidate these mechanisms, rodent models of repeated environmental stress, such as repeated social defeat stress (R-SDS), repeated restraint stress, and chronic unpredictable stress, have been frequently used. In these models, repeated environmental stress alters the morphologies and activities of neurons in multiple brain areas involved in emotional and cognitive functions (Duman and Aghajanian, 2012; McEwen and Morrison, 2013) . Among these brain areas, certain areas, such as the medial prefrontal cortex (mPFC) and nucleus accumbens (NAc), play pivotal roles in regulating repeated environmental stressinduced behavioral changes. Various kinds of repeated environmental stresses reduce excitatory synaptic transmission and attenuate the environmental stress-induced response of mPFC pyramidal neurons (Ota et al., 2014; Perrotti et al., 2004 ). Shortening and reduced branching of dendrites as well as the loss of dendritic spines are also induced (Dias-Ferreira et al., 2009; Duman and Aghajanian, 2012; McEwen and Morrison, 2013) . These neuronal changes are thought to be responsible for repeated environmental stress-induced depression-like behaviors, such as anhedonia and social avoidance (Golden et al., 2013; Li et al., 2011) . Histological and brain imaging studies have reported reduced gray matter volumes and abnormal metabolic activities in the mPFCs of psychiatric patients (Drevets et al., 2008) . However, the underlying mechanism whereby repeated environmental stress induces alterations in the morphologies and activities of mPFC neurons as well as consequent behavioral changes remains unknown.
Although the majority of studies have examined neuronal plasticity, which underlies repeated environmental stress-induced behavioral changes, several laboratories, including ours, have focused on neural inflammation or microglial activation as potential mechanisms of repeated environmental stress (Frank et al., 2007; Giovanoli et al., 2013; Hinwood et al., 2012; Kreisel et al., 2014; Tanaka et al., 2012; Wohleb et al., 2011 Wohleb et al., , 2013 . Indeed, genetic deletion of inflammation-related molecules and administration of a drug (minocycline) that potentially affects microglial properties have been shown to attenuate behavioral changes that are concomitant with microglial activation and/or monocyte infiltration in the brain and induced by repeated environmental stress. However, because none of these studies have selectively manipulated microglia or gene expression in microglia, direct evidence demonstrating a role of microglia in repeated environmental stress-induced behavioral changes is lacking.
Microglia can be activated by various extracellular stimuli, many of which are mediated by Toll-like receptors (TLRs) (Rivest, 2009) . TLRs have been identified as pattern recognition receptors for pathogen-associated molecular patterns and mediate inflammation and immune responses upon infection. In addition, recent studies have pointed to crucial roles of TLRs in diseases of the brain and other organs without apparent infection (Iwasaki and Medzhitov, 2010; Rivest, 2009) and have proposed that endogenous molecules are released from cells upon cellular damage or stress and act as endogenous ligands for TLRs for inflammation and tissue remodeling.
To identify R-SDS-induced changes in gene expression profiles in the mPFC, we performed a transcriptome analysis and obtained results suggesting that R-SDS upregulates potential ligands for TLR2 and TLR4 in the mPFC. Based on this finding, we analyzed the roles of TLR2 and TLR4 in R-SDS and found that genetic deletion of TLR2 and TLR4 (TLR2/4) in combination abolishes R-SDS-induced social avoidance in mice. R-SDS induced microglial activation and altered neuronal c-Fos expression and morphologies in the mPFC, and TLR2/4 deletion mitigated these changes. Furthermore, we developed a method to manipulate gene expression in microglia in a specific brain area and provide sound evidence, for the first time, that TLR2/4 in mPFC microglia are crucial for R-SDS-induced social avoidance.
RESULTS

TLR2/4 Are Crucial for R-SDS-Induced Social Avoidance
We first set up an R-SDS model in which a single male C57BL/6 mouse or a knockout mouse of the same genetic background (C57BL/6) was subjected to aggressive encounters with a male ICR mouse for 10 min daily, typically for 10 consecutive days ( Figure 1A ). To identify R-SDS-induced changes in gene expression profiles in the mPFC, we performed a transcriptome analysis in the mPFC without or with R-SDS. Because the level of social avoidance varies across individuals, we separately analyzed and compared the data from susceptible mice, which showed social avoidance after R-SDS, and resilient mice, which did not, in addition to those from naive mice, as reported previously (E) The proportions of the time for the open arms in the elevated plus maze test as an index for anxiety of wild-type mice and TLR-DKO mice.
(F) The durations for the submissive posture during the first and tenth SDS (single and R-SDS, respectively) in wild-type mice and TLR-DKO mice. *p < 0.05, **p < 0.01, ***p < 0.001 for Bonferroni's multiple comparisons test. The number of mice is shown below each group. Data are shown as means ± SEM. See also Figure S1 . (Krishnan et al., 2007 ) (see the STAR Methods for the definitions of susceptible and resilient mice). This analysis revealed that R-SDS upregulates many inflammation-related genes in mPFC tissue, such as S100a8, S100a9, Lipocalin2, Clec4d, and Ch25h (cholesterol 25-hydroxylase) (Figures S1A-S1E). Among these genes, S100a8 and S100a9, which were upregulated in both susceptible and resilient mice, have been shown to form a heterodimer, and, as ligands, to be functionally related to TLR4 and, possibly, TLR2 (Coveney et al., 2015; Vogl et al., 2007) . We then examined whether TLR2 and TLR4 were expressed in microglia before and after R-SDS. We subjected CX3CR1-EGFP mice, in which EGFP is selectively expressed in microglia in the brain and monocytes in peripheral tissues (Jung et al., 2000) , to R-SDS and isolated EGFP-positive cells and EGFP-negative cells by fluorescence-activated cell sorting (FACS) from the whole brain of each mouse. Enrichment of microglia and mono- cytes (a minor population) in the EGFPpositive population was confirmed by mRNA expression of Cd11b (Integrin aM), a marker for microglia ( Figure S1F ). The expression levels of the Tlr2 and Tlr4 mRNAs were significantly higher in EGFP-positive cells, which include microglia, compared with those in EGFP-negative cells and were not affected by R-SDS (Figures S1G and S1H). On the other hand, the expression of mRNA for Il1r1 (interleukin-1 [IL-1] receptor type I), which has been shown to be involved in stressinduced microglial changes in rodents (Kreisel et al., 2014) , was detected only in EGFP-negative cells, and it was significantly upregulated by R-SDS ( Figure S1I ). These results demonstrate that microglia in the brain express TLR2 and TLR4 regardless of R-SDS. We then examined whether TLR2/4 were involved in R-SDS-induced behavioral changes. In wild-type mice, R-SDS induced social avoidance in the social interaction test (i.e., decreased time for the social interaction zone and increased time for the social avoidance zone; Figures 1B and 1C ) and increased anxiety-like behavior in the elevated plus maze test (i.e., decreased time spent in open arms; Figure 1E ), as reported previously (Tanaka et al., 2012) . Mice lacking either Tlr2 (TLR2 knockout [KO] ) or Tlr4 (TLR4-KO) also displayed R-SDS-induced social avoidance, as observed in wild-type mice (Figures 2A-2D , S1J, and S1K). Because TLR2 and TLR4 partly share an intracellular signaling pathway, we examined mice lacking Tlr2 and Tlr4 in combination (TLR double knockout [DKO] ) and found that social avoidance was abolished in TLR-DKO mice ( Figures 1C and 1D ). Wildtype mice were categorized as either susceptible or resilient in a similar ratio (12 susceptible mice and 12 resilient mice), but TLR-DKO mice were mostly resilient (1 susceptible mouse and 18 resilient mice). The proportions of susceptible and resilient mice were significantly different between wild-type mice and
TLR-DKO mice (c 2 = 10.062, p = 0.0015). In addition, TLR-DKO mice did not show elevated anxiety ( Figure 1E ). These results demonstrate that TLR2/4 are crucial for R-SDS-induced social avoidance and elevated anxiety. By contrast, wild-type mice and TLR-DKO mice similarly showed a submissive posture, a defensive posture induced by SDS (Tornatzky and Miczek, 1993) , and its increase along the 10-day course of R-SDS (Figure 1F) , suggesting that these mice are able to perceive R-SDS and to maintain its memory.
To exclude the potential effects of rearing conditions on phenotypes or to confirm the relationship between genotypes and phenotypes, we examined TLR-DKO mice and their littermates. Among the littermates obtained by crossing among TLR2-KO, TLR4-heterozygous mice (Tlr2
showed R-SDS-induced social avoidance (Figures 2A and 2B ). R-SDS-induced social avoidance was significantly suppressed in TLR-DKO littermates compared with TLR2-KO mice. Consistently, TLR2-KO mice were categorized as susceptible and resilient mice in a similar ratio (3 susceptible mice and 4 resilient mice), but none of the TLR-DKO littermates were susceptible (0 susceptible mice and 6 resilient mice). Likewise, social avoidance was intact in TLR4-KO mice (Tlr2 +/+ ;Tlr4 2D ). R-SDS-induced social avoidance was significantly suppressed in TLR-DKO littermates compared with TLR4-KO mice. Consistently, TLR4-KO mice were categorized as susceptible and resilient mice in a similar ratio (3 susceptible mice and 5 resilient mice), but none of the TLR-DKO littermates were susceptible (0 susceptible mice and 9 resilient mice). These results clearly demonstrate that the behavioral abnormalities of TLR-DKO mice are due to genotypes but not due to differences in rearing conditions. These abnormalities were not due to their locomotor deficits either; TLR-DKO mice showed locomotor activities similar to those of TLR2-KO or TLR4-KO littermates (Figures 2E and 2F) . We also analyzed Il1r1 knockout (IL-1RI-KO) mice and found that R-SDS significantly induces social avoidance in IL-1RI-KO mice (Figures S1L and S1M). However, R-SDS-induced elevated anxiety was not apparent in these mice ( Figure S1N ), as reported previously (Wohleb et al., 2011) . These results suggest that IL-1RI plays different roles than TLR2/4 in R-SDS-induced behavioral changes.
TLR2/4 Are Crucial for R-SDS-Induced Activation of mPFC Microglia in Susceptible Mice
Previous reports have shown involvement of the mPFC and NAc in repeated environmental stress-induced behavioral changes (Duman and Aghajanian, 2012; Krishnan and Nestler, 2008; McEwen and Morrison, 2013) . We examined whether R-SDS as well as single social defeat stress (S-SDS) induced microglial activation in the mPFC and NAc and whether TLR2 and TLR4 were involved in these microglial responses. We performed immunostaining for several markers for microglial activation; namely, CD68, Iba-1, and CD11b (Hinwood et al., 2012) . Among these markers, we first examined CD68, which showed the lowest signals under basal conditions without R-SDS. In wild-type mice, S-SDS appeared to increase the punctate area positive for CD68 signals in mPFC microglia 4 hr after S-SDS, whereas it did not change 1.5 hr after S-SDS (Figures 3A and 3B and S3A) . By contrast, R-SDS increased the CD68-positive area in mPFC microglia 1.5 hr after the last session of R-SDS in susceptible wild-type mice (Figures 3A, 3B, 3F, and 3G) , and this increase returned to the baseline 4 hr after R-SDS ( Figures 3A and 3B) . Indeed, the proportion of mice with the CD68-positive area beyond its distribution in naive mice was significantly larger in the total of defeated wild-type mice (including both susceptible and resilient mice) than in the total of TLR-DKO mice (14 of 19 and 4 of 13, respectively; c 2 = 5.776, p = 0.016; the wildtype and TLR-DKO mice used for this c 2 analysis included all mice used for CD68 immunostaining in this study). We then examined Iba-1 signals in mPFC microglia. S-SDS appeared to decrease Iba-1 fluorescence intensity 1.5 hr but increased it 4 hr after S-SDS ( Figures 3C and 3D ). R-SDS appeared to increase Iba-1 fluorescence intensity 1.5 hr after the last exposure of R-SDS in susceptible wild-type mice, and this increase returned to the baseline 4 hr after R-SDS ( Figures 3C and 3D ). These findings demonstrate that R-SDS induces activation of mPFC microglia 4 hr after the last exposure to R-SDS and that SDS-induced activation of mPFC microglia occurs more rapidly with R-SDS, suggesting R-SDS-induced priming of mPFC microglia. Notably, both Iba-1 fluorescence intensity and the CD68-positive area in mPFC microglia after R-SDS were significantly higher in susceptible wild-type mice than in resilient wild-type mice ( Figures 3F-3H ), indicating that R-SDS-induced activation of mPFC microglia is correlated with the level of social avoidance. immunostaining in the mPFC of wild-type mice and TLR-DKO mice without SDS (naive) and 1.5 hr and 4 hr after S-SDS and the last session of R-SDS. For wild-type mice after R-SDS, the images were taken and analyzed only from susceptible mice (R-SDS(sus)). Scale bars, 50 mm. (E) Quantitative analyses of CD11b immunostaining in the mPFC of wild-type mice and TLR-DKO mice without SDS (naive) and 1.5 hr after S-SDS and the last session of R-SDS. For wild-type mice after R-SDS, the images were taken and analyzed only from susceptible mice (R-SDS(sus)). (F-J) Representative images (F and I) and quantitative analyses (G, H, and J) of immunostaining for CD68 and Iba-1 (F-H) or CD11b (I and J) in the mPFC of wildtype mice without SDS (naive) and susceptible and resilient mice 1.5 h after the last session of R-SDS (R-SDS(sus) and R-SDS(res), respectively). In the merged images in (F), CD68 and Iba-1 signals are shown in green and red, respectively. CD68 signals in Iba-1-positive microglia are shown in yellow. Nuclei were counterstained with Hoechst33342 and are shown in blue. Scale bars, 25 mm. We also found that R-SDS increases CD11b signals in mPFC microglia 1.5 hr after the last exposure of R-SDS but not after S-SDS ( Figures 3E, 3I , and 3J) in both susceptible and resilient wild-type mice ( Figures 3I and 3J ). Our statistical analysis also indicated that CD68 signals in the mPFC after R-SDS are more strongly correlated with the level of social avoidance than Iba-1 signals (CD68: r 2 = 0.6977, p < 0.0001; Iba-1: r 2 = 0.3387, p = 0.0142 for the time in the avoidance zone) Thus, among the three conventional markers for microglial activation, R-SDS-induced increases in CD68 signals in mPFC microglia were most strongly correlated with the level of social avoidance. Because we previously showed that R-SDS for 4 days was sufficient to induce social avoidance (Tanaka et al., 2012) , we also performed immunostaining for CD68 and Iba-1 1.5 hr and 4 hr after R-SDS for 4 days. R-SDS for 4 days increased CD68-positive areas in mPFC microglia at both of these time points ( Figure 3K ). Although Iba-1 intensity did not appear to increase after R-SDS for 4 days ( Figure 3L ), Iba-1 decrease, which occurred 1.5 hr after S-SDS ( Figure 3D ), was not observed 1.5 hr after R-SDS for 4 days ( Figure 3L ). These results indicated that R-SDS for 4 days induces an intermediate pattern of microglial activation between those induced by S-SDS and R-SDS for 10 days.
We then examined whether TLR2/4 deficiency affected R-SDS-induced activation of mPFC microglia. In TLR-DKO mice, S-SDS did not increase the CD68-positive area in mPFC microglia ( Figures 3A and 3B ). The CD68-positive area 4 hr after S-SDS was significantly smaller in TLR-DKO mice than in susceptible wild-type mice. The S-SDS-induced increase in Iba-1 fluorescence intensity in the mPFC 4 hr after S-SDS was also abolished in TLR-DKO mice ( Figures 3C and 3D ). These results indicated that TLR2/4 are crucial for S-SDS-induced activation of mPFC microglia. By contrast, 1.5 hr after S-SDS, Iba-1 signals were decreased in TLR-DKO mice, as similarly observed in wildtype mice, indicating that this microglial response was not mediated by either TLR2 or TLR4. In addition, TLR-DKO mice did not show an R-SDS-induced increase in CD68 signals in mPFC microglia 1.5 h after the last exposure of R-SDS, which was observed in susceptible wild-type mice ( Figures 3A and 3B ). These results demonstrate that TLR2/4 are crucial for the activation of mPFC microglia induced by R-SDS as well as that induced by S-SDS. Note that neither the fluorescence intensity of Iba-1 signals nor that of CD11b was affected by R-SDS in TLR-DKO mice ( Figures 3C-3E ). It was also noted that neither TLR2 nor TLR4 deficiency affected the signals of CD68, Iba-1, or CD11b under the basal condition without SDS .
We also examined the roles of TLR2/4 in R-SDS-induced microglial activation in TLR-DKO littermates obtained from the heterozygous crossing. The R-SDS-induced CD68 increase in mPFC microglia was abolished in TLR-DKO littermates, although it remained in susceptible mice with the TLR4-KO genotype (Figures S2A , S2B, S2D, and S2E). Iba-1 fluorescence intensity was not significantly increased in any of these genotypes ( Figures  S2A, S2C , S2D, and S2F). These results suggest that the respective markers for microglial activation may be differently regulated. Neither TLR2/4 deficiency nor R-SDS affected the number of Iba-1-positive microglia in the mPFC (data not shown). These results demonstrate that the lack of R-SDS-induced activation of mPFC microglia in TLR-DKO mice is due to the TLR2/4 deletion but not due to differences in rearing conditions. By contrast, neither S-SDS nor R-SDS significantly increased Iba-1 or CD68 signals in NAc microglia of either wild-type mice or TLR-DKO mice (Figures S3B-S3G) .
As reported previously (Wohleb et al., 2013) , R-SDS promotes infiltration of CD45-positive monocytes to the anterior cingulate cortex (ACC), which is located dorsal to the mPFC, in susceptible wild-type mice ( Figures 4A, 4C , 4E, and 4G). However, this monocyte infiltration in the ACC was unaffected in TLR-DKO mice. Notably, monocyte infiltration did not occur in the mPFC, in which R-SDS induces microglial activation (Figure 3 ), in either wild-type or TLR-DKO mice ( Figures 4B, 4D , and 4F). Thus, R-SDS induces microglial activation in the mPFC and monocyte infiltration in the ACC, and TLR2/4 are involved in the former but not in the latter.
TLR2/4 Are Crucial for the Attenuation of SDS-Induced c-Fos Expression and Dendritic Atrophy of mPFC Neurons by R-SDS in Susceptible Mice
We next examined whether TLR2/4 are involved in SDS-induced neuronal responses in the mPFC using immunostaining for c-Fos, a marker for neuronal response ( Figure 5A ). S-SDS induced c-Fos expression in mPFC neurons of both wild-type and TLR-DKO mice ( Figures 5B and 5C ). This c-Fos expression was abolished by R-SDS in susceptible wild-type mice but maintained in resilient wild-type mice ( Figures 5D and 5E ). In TLR-DKO mice, R-SDS attenuated SDS-induced c-Fos expression, but it was maintained at a level similar to resilient wild-type mice (approximately 25 neurons/mm 2 in both mice) ( Figures 5B-5E ). Indeed, the proportion of mice with a number of c-Fos-positive cells beyond its distribution in naive mice was significantly smaller in the total of defeated wild-type mice (including both susceptible and resilient mice) than in the total of defeated TLR-DKO mice (12 of 18 and 16 of 17, respectively; c 2 = 4.118, p = 0.042; the wild-type and TLR-DKO mice used for this c 2 analysis included all mice used for c-Fos immunostaining in this study). These findings were confirmed with littermates obtained by crossing among TLR2-heterozygous, TLR4-KO mice or TLR2-KO, TLR4-heterozygous mice. SDS-induced c-Fos expression was observed in resilient but not susceptible mice with the TLR2-KO or TLR4-KO genotype ( Figure S4 ), as observed in wild-type mice. In TLR-DKO littermates, this SDSinduced c-Fos expression was maintained, as observed in resilient TLR2-KO or TLR4-KO mice. These results indicate that TLR2/4 are involved in the attenuation of SDS-induced c-Fos expression in mPFC neurons by R-SDS in susceptible mice. Repeated environmental stress induces dendritic atrophy of mPFC neurons, which is thought to underlie concomitant behavioral changes (Duman and Aghajanian, 2012; McEwen and Morrison, 2013) . We performed Golgi-Cox staining and measured the lengths of apical dendrites of mPFC deep-layer pyramidal neurons. R-SDS induced shortening of apical dendrites of mPFC neurons in susceptible wild-type mice, whereas TLR-DKO mice did not show this dendritic shortening (Figures 5F-5H). These results indicate that TLR2/4 are crucial for dendritic atrophy of mPFC neurons induced by R-SDS in susceptible mice.
TLR2/4 in mPFC Microglia Are Crucial for R-SDSInduced Social Avoidance
Because TLR2/4 are highly expressed in microglia (Figures S1G and S1H) and required for R-SDS-induced activation of mPFC microglia, as described above, we examined whether mPFC microglia are important for R-SDS-induced social avoidance. Transplantation of cultured microglia-like cells derived from wild-type neonates to the spinal cord has been used to investigate the roles of microglia in neuropathic pain (Tsuda et al., 2003) . We examined whether transplantation of these cells into the mPFC of TLR-DKO mice could restore R-SDS-induced social avoidance ( Figure S5A ). One week after the transplantation, microglia-like cells labeled with carboxyfluorescein succinimidyl ester (CFSE), a semi-permanent fluorescent tracer, showed an ameboid morphology reminiscent of maximally activated microglia (data not shown). After a 4-week recovery period, these cells remained around the injection site and appeared to show a ramified morphology, suggesting that the transplanted microglia had become inactive ( Figure S5B ). Transplantation of wild-type, but not TLR-DKO, microglia-like cells to the mPFC of TLR-DKO mice significantly restored social avoidance induced by R-SDS for 4 days ( Figures S5D-S5G ). Without R-SDS, the transplantation of these microglia-like cells did not induce social avoidance in TLR-DKO mice (Figures S5E and S5G) . These findings indicate that the transplantation of wild-type microglia-like cells to the mPFC restores the induction of social avoidance in a TLR2/4-dependent manner. However, this restoration was not sustained after R-SDS for 10 days ( Figures S5H-S5K ), although the transplanted cells were maintained similarly among the comparison groups ( Figure S5C ).
To examine whether TLR2/4 in mPFC microglia are necessary for R-SDS-induced behavioral changes, we developed a method to reduce TLR2/4 expression specifically in mPFC microglia. For this purpose, we generated a lentiviral vector expressing artificial microRNAs targeting Tlr2 and Tlr4 mRNAs only in cells expressing Cre recombinase driven by the microglial-specific CX3CR1 promoter ( Figure 6A ). The specificity and efficiency of Tlr2 and Tlr4 microRNAs were validated in Lenti-X 293T cells overexpressing the respective TLR isoforms together with Tlr2 or Tlr4 microRNA ( Figure S6A ). Expression of Tlr2 or Tlr4 microRNA efficiently reduced the mRNA level of the corresponding Tlr isoform by approximately 80%, but not those of the other TLR isoforms, confirming the specificity of the Tlr2 or Tlr4 microRNAs ( Figure S6A ). In addition, in the N9 microglial cell line, lentivirus-delivered tandem-connected Tlr2 or Tlr4 microRNAs (TLR2/4 microRNA) reduced endogenous expression of both Tlr2 or Tlr4 (reduction by $40% and $60%, respectively) ( Figure S6B ).
Each lentiviral vector, which is able to express TLR2/4 microRNA or control microRNA only in cells expressing Cre recombinase, was injected into the mPFC of CX3CR1-CreER mice, in which tamoxifen-inducible Cre recombinase and enhanced yellow fluorescent protein (EYFP) are selectively expressed in microglia (Parkhurst et al., 2013). Four weeks after the lentiviral injection and tamoxifen treatment ( Figure 6B ), many EYFP-positive cells, mostly microglia, showed mCherry signals that were designed to co-express TLR2/4 or control microRNAs ( Figures 6C, 6D , and 6F). Most mCherry signals were observed in EYFP-positive cells, but much less in CD45-positive monocytes, without or with R-SDS ( Figures 6E-6G ), suggesting that the mice were specifically expressing TLR2/4 or control microRNAs in mPFC microglia. Expression of TLR2/4 microRNAs in mPFC microglia by this method abolished R-SDS-induced social avoidance, whereas this social avoidance was induced in mice that had received the lentiviral vector expressing control microRNA ( Figures 6H and 6I ). To exclude off-target effects of these microRNAs, we generated microRNA-resistant synonymous mutant cDNAs of Tlr2 or Tlr4 (i.e., without changing their amino acid sequences) and confirmed that the protein expression levels of these mutants were resistant to the respective microRNAs in Lenti-X 293T cells ( Figures S6C-S6H ). We generated lentiviral vectors expressing either of these mutants along with TLR2/4 microRNA in the presence of Cre recombinase and injected these lentiviral vectors into the mPFC of CX3CR1-CreER mice. Simultaneous expression of the microRNA-resistant Tlr2 or Tlr4 mutant restored R-SDS-induced social avoidance in the presence of TLR2/4 microRNA ( Figures 6J and 6K) . These results excluded off-target effects of TLR2/4 microRNA and demonstrated that TLR2/4 in mPFC microglia are crucial for R-SDS-induced social avoidance. By contrast, mPFC microglia-specific expression of TLR2/4 microRNA did not appear to affect R-SDS-induced elevated anxiety ( Figure 6L ).
We also examined the effect of TLR2/4 microRNA in mPFC microglia on SDS-induced c-Fos expression in mPFC neurons. The number of c-Fos-positive mPFC neurons in mice expressing TLR2/4 microRNA in mPFC microglia was significantly larger compared with susceptible mice without TLR2/4 microRNA expression ( Figure 6M ). Consistent with the experiments using TLR-DKO mice, these results indicate that TLR2/4 in mPFC microglia are involved in the attenuation of SDS-induced c-Fos expression in mPFC neurons by R-SDS in susceptible mice.
In addition, we evaluated the effect of TLR2/4 microRNA on excitatory synapses in mPFC neurons using super-resolution structured illumination microscopy (SIM) ( Figure S7A ). Surprisingly, R-SDS significantly increased the number of punctate signals of PSD95, a postsynaptic marker, in the deep layer of the mPFC in susceptible wild-type mice with expression of control microRNA in mPFC microglia. This effect was abolished by expression of TLR2/4 microRNA in mPFC microglia ( Figure S7B ). R-SDS appeared to increase the number of punctate signals of synaptophysin, a presynaptic marker, although this increase was milder and not statistically significant ( Figure S7C ). These results suggest that R-SDS increases the number of excitatory synapses in the mPFC in a manner dependent on TLR2/4 expressed in mPFC microglia.
IL-1a and TNF-a Are Upregulated in mPFC Microglia by R-SDS in a TLR2/4-Dependent Manner and Are Crucial for R-SDS-Induced Social Avoidance Based on our observations that R-SDS induces different microglial responses in the mPFC and NAc (Figures 3 and S3) , we performed a transcriptome analysis of microglia isolated from the mPFC or NAc without or with R-SDS ( Figures 7A-7C) . We found that different sets of genes are significantly up-or downregulated by R-SDS in microglia isolated from the two brain areas ( Figures 7D and 7E ). Among these genes, several cytokines, such as Tnfa and Il1a, were significantly upregulated in mPFC microglia, and marginally in NAc microglia, in a TLR2/4-dependent manner (Figures 7F-7I ). In contrast, Ccl3 and Ccl4 appeared to be upregulated in both mPFC and NAc microglia in a TLR2/4-dependent manner ( Figures 7F and 7G) . Although Il1b and Il6 also appeared to be upregulated in both mPFC and NAc microglia, the involvement of TLR2/4 was elusive ( Figures  7F, 7G , 7J, and 7K).
To examine whether IL-1a and tumor necrosis factor alpha (TNF-a) in the mPFC are involved in R-SDS-induced social avoidance, we infused neutralizing antibodies for these cytokines into the mPFC. To reduce the amounts of the antibodies to be used, we employed a shorter version of R-SDS, which is composed of three exposures to SDS within a single day (Figure 8A) . This shorter version of R-SDS appeared to increase CD68 signals in microglia in the mPFC, but not in the NAc, 1.5 hr and 4 hr after R-SDS ( Figures S2G-S2J ). We administered a mixture of neutralizing antibodies for IL-1a and TNF-a into the mPFC 2 hr before R-SDS and found that the normal R-SDSinduced CD68 increase in mPFC microglia was absent with these neutralizing antibodies in the mPFC. Notably, this shorter version of R-SDS significantly decreased the time in the interaction zone, indicating induction of social avoidance, although it only moderately increased the time in the avoidance zone (Figures 8B and 8C) , compared with the original longer version of R-SDS. mPFC infusion of these neutralizing antibodies abolished these behavioral changes. Either of these antibodies also blocked the induction of social avoidance ( Figures 8D and 8E) . These results strongly indicate that IL-1a and TNF-a, associated with mPFC microglia activated by R-SDS, are responsible for the induction of social avoidance.
DISCUSSION
In this study, we found that TLR-DKO mice show resilience to R-SDS-induced social avoidance and anxiety. TLR2/4 are also crucial for R-SDS-induced activation of mPFC microglia as well as response attenuation and dendritic atrophy of mPFC neurons. These microglial activation and neuronal changes occur in susceptible but not resilient mice. Knockdown of TLR2/4 in mPFC microglia abolishes R-SDS-induced social avoidance. Il1a and Tnfa are upregulated in mPFC microglia by R-SDS in a manner dependent on TLR2/4 and are crucial for R-SDS-induced social avoidance. These findings link TLR2/4 function in mPFC microglia to neuronal and microglial changes in the mPFC, leading to R-SDS-induced social avoidance. In our model, R-SDS activates mPFC microglia through TLR2/4, which attenuates the stress response of mPFC neurons and induces social avoidance through IL-1a and TNF-a ( Figure S8 ).
TLR2/4 in mPFC Microglia Mediate R-SDS-Induced Social Avoidance
In this study, we showed that TLR2/4 mediate R-SDS-induced social avoidance and elevated anxiety as well as neuronal and microglial changes in the mPFC. Our transcriptome analysis demonstrated that R-SDS increases the mRNA levels of S100a8 and S100a9, potential ligands for TLR2/4, in the mPFC of susceptible and resilient mice. It remains to be examined whether the S100A8/S100A9 heterodimer is released into the extracellular space in response to R-SDS and acts as an endogenous TLR2/4 ligand for R-SDS-induced activation of mPFC microglia. Notably, our histological examinations showed that R-SDS induces microglial activation in susceptible but not resilient mice. Thus, bona fide TLR ligands other than S100A8/S100A9 could be upregulated and/or secreted specifically in the mPFC. Previous studies have reported roles of several molecules in repeated environmental stress-induced microglial activation, but none of these studies identified their sites of action. Although it is difficult to manipulate gene expression selectively in microglia in a given brain area, transplantation of microglia-like cells obtained from neonates has been used to elucidate the roles of microglia in the spinal cord in neuropathic pain (Tsuda et al., 2003) . We used similar transplantation methods in the brain and found that wild-type, but not TLR-DKO, microglia-like cells transplanted into the mPFC of TLR-DKO mice restored R-SDSinduced social avoidance. However, the effect of this transplantation was transient, and recent studies have revealed differences in gene expression profiles between microglia in vitro and in vivo and between neonatal and adult microglia (Butovsky et al., 2014) . Therefore, we developed a lentivirus-based method to express TLR2/4 microRNA selectively in mPFC microglia. Using this method, most cells expressing TLR2/4 or control microRNA were microglia rather than infiltrated monocytes in the mPFC, and selective TLR2/4 knockdown in mPFC microglia abolished R-SDS-induced social avoidance. These results document, for the first time, the critical roles of innate immune receptors in microglia in repeated environmental stress-induced behavioral changes and provide the first evidence for mPFC microglia as the site of action of molecules involved in repeated environmental stress-induced microglial activation.
However, we note that our findings did not exclude the possibility that TLR2/4 in non-microglial cells or in other brain areas may also be involved in behavioral changes. Indeed, we found that systemic TLR2/4 deficiency, but not specific TLR2/4 knockdown in mPFC microglia, abolishes R-SDS-induced elevated anxiety. In addition, other brain areas, such as the ventral hippocampus and amygdala, have been shown to be involved in R-SDS-induced behavioral changes (Bagot et al., 2015; Wohleb et al., 2011) .
Many rodent studies have suggested a role of IL-1b in anhedonia after chronic unpredictable stress and elevated anxiety induced by R-SDS (Goshen et al., 2008; Koo and Duman, 2008; Wohleb et al., 2011) . It has recently been reported that mice lacking NLRP3, a component of the inflammasome that converts pro-IL-1b to its active form, show decreased anxiety without stress and lack of anhedonia after chronic unpredictable stress (Iwata et al., 2015) . However, we observed that the IL-1RI deletion did not abolish R-SDS-induced social avoidance and that Tlr2 and Tlr4, but not Il1r1, are expressed in microglia. These different expressions may explain why TLR2/4, rather than IL-1RI, are integral to social avoidance. It has been reported that IL-1RI is critical for R-SDS-induced monocyte infiltration and elevated anxiety (Wohleb et al., 2013) and that splenectomy prevents an anxiety tendency induced by R-SDS (McKim et al., 2016) . Thus, IL-1RI-mediated monocyte infiltration has been proposed to be involved in R-SDS-induced elevated anxiety. By contrast, TLR2/4 deficiency did not affect monocyte infiltration from the periphery to the ACC, and IL-1RI deficiency did not affect R-SDS-induced social avoidance. These findings indicate that different inflammation-related mechanisms underlie R-SDS-induced social avoidance and elevated anxiety.
TLR2/4 in Microglia Mediate R-SDS-Induced Neuronal
Remodeling in the mPFC Based on our observation that TLR2/4 in mPFC microglia are crucial for R-SDS-induced social avoidance, we speculated that R-SDS-activated mPFC microglia could locally affect mPFC neurons. Indeed, we showed that systemic TLR2/4 deletion mitigates R-SDS-induced c-Fos response attenuation and dendritic atrophy in mPFC neurons and that mPFC microgliaspecific TLR2/4 knockdown at least mitigates the former of these R-SDS-induced changes. These findings indicate that TLR2/4 in mPFC microglia are involved in R-SDS-induced changes in mPFC neurons.
c-Fos expression has frequently been used as a marker for neuronal response to repeated environmental stress (Perrotti et al., 2004; Tanaka et al., 2012) . We found that SDS-induced c-Fos expression in mPFC neurons is attenuated after R-SDS in susceptible but not resilient mice. In addition, repeated environmental stress-induced dendritic atrophy in mPFC pyramidal neurons is thought to underlie the concomitant behavioral changes (Dias-Ferreira et al., 2009; Duman and Aghajanian, 2012) . Therefore, the TLR2/4-dependent changes in mPFC neurons described above could underlie R-SDS-induced social avoidance. In addition to these changes, our histological analyses of the number of PSD-95 puncta suggest that R-SDS increases the number of excitatory synapses in the deep layer of the mPFC in susceptible wild-type mice in a manner dependent on TLR2/4 expressed in mPFC microglia. This result was unexpected, based on our observations that R-SDS induces dendritic atrophy of mPFC pyramidal neurons (Figures 5F-5H ; Shinohara et al., 2017). However, because PSD-95 immunostaining cannot discriminate excitatory synapses on various types of neurons, R-SDS may increase the number of excitatory synapses on some types of neurons other than mPFC pyramidal neurons. Indeed, it has been reported that chronic restraint stress induces dendritic hypertrophy in a subpopulation of mPFC interneurons identified mainly as Martinotti cells (Gilabert-Juan et al., 2013) . It remains to be elucidated whether R-SDS induces distinct types of morphological changes in different types of neurons in the mPFC and whether and how these morphological changes may affect the concomitant behavioral changes.
IL-1a and TNF-a Are Responsible for the Action of TLR2/ 4 in mPFC Microglia for R-SDS
We showed that R-SDS significantly induces Il1a and Tnfa mRNAs in mPFC microglia and marginally in NAc microglia and that administration of their neutralizing antibodies into the mPFC abolishes R-SDS-induced social avoidance. These observations strongly imply that IL-1a and TNF-a released from activated mPFC microglia are responsible for R-SDSinduced social avoidance. These neutralizing antibodies appeared to inhibit the R-SDS-induced CD68 increase, indicative of microglial activation, in the mPFC. Thus, these cytokines could constitute an autocrine loop for R-SDS-induced microglial activation. It has also been reported that IL-1a and TNF-a are sufficient to induce neurotoxic reactive astrocytes (Liddelow et al., 2017) . TNF receptor type 1 (TNFR1) in astrocytes has been shown to be instrumental in hippocampal synaptic alteration and impaired contextual learning in an animal model of multiple sclerosis (Habbas et al., 2015) . Therefore, microglia-derived TNF-a could act on astrocytic TNFR1 to induce R-SDS-induced neuronal and behavioral changes. The mechanism of action of IL-1a remains elusive. Interestingly, it has been shown that IL-1a or IL-1b in combination with TNF-a induces different types of astrocytes (neurotoxic or protective astrocytes, respectively; Liddelow et al., 2017) , suggesting different mechanisms of action of IL-1a and IL-1b.
We also found that, among three conventional markers for microglial activation, the R-SDS-induced increase in CD68 signals in mPFC microglia was the most correlated with the level of social avoidance. CD68 is a scavenger receptor that is predominantly located at the late endosomal and lysosomal compartments and is thought to be associated with phagocytic activity (Murphy et al., 2005) . It has been suggested that microglia engulf synaptic structures into CD68-positive phagosomal compartments for synaptic pruning during postnatal development (Paolicelli et al., 2011; Schafer et al., 2012) and in a mouse model of Alzheimer's disease (Hong et al., 2016) . Similarly, R-SDS-activated microglia could also engulf synaptic and dendritic elements of mPFC neurons into CD68-positive phagosomal compartments. It has been shown that astrocyte-derived TGF-b induces C1q expression in retinal ganglion cells, which is crucial for complement-and microglia-dependent synaptic pruning (Bialas and Stevens, 2013) . Because it has been reported that IL-1a and TNF-a induce neurotoxic astrocytes (Liddelow et al., 2017) , these cytokines derived from microglia upon R-SDS could alter astrocytic functions to promote synaptic and dendritic engulfment by mPFC microglia.
Conclusions
Collectively, our study demonstrates an unexpected pivotal role of TLR2/4 for R-SDS-induced behavioral changes as well as neuronal and microglial changes in the mPFC and strongly indicates that TLR2/4 in mPFC microglia mediate R-SDS-induced neuronal and behavioral changes through IL-1a and TNF-a. Therefore, we propose that targeting innate immunity may provide therapeutic benefits for stress-related pathophysiology in psychiatric disorders.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS Mice
Tlr2 knockout (TLR2-KO) mice (RRID: IMSR_OBS:3) (Takeuchi et al., 1999) , Tlr4 knockout (TLR4-KO) mice (RRID:IMSR_OBS:4) (Hoshino et al., 1999) and Tlr2/4 double knockout (TLR-DKO) mice in a C57BL/6N background were purchased from Oriental Bio Service. To make all the mice congenic to the C57BL/6N strain, these mice were backcrossed with C57BL/6N mice more than 10 times. These congenic TLR2-KO and TLR4-KO mice were used to generate TLR-DKO mice. From the crossing among TLR2-KO, TLR4-heterozygous mice (Tlr2(À/À);Tlr4(+/À)), only TLR2-KO (Tlr2(À/À);Tlr4(+/+)) and TLR-DKO (Tlr2(À/À);Tlr4(À/À)) littermates (but not TLR2-KO, TLR4-heterozygous (Tlr2(À/À);Tlr4(+/À)) littermates) were used. Likewise, only TLR4-KO (Tlr2(+/+); Tlr4(À/À)) and TLR-DKO (Tlr2(À/À);Tlr4(À/À)) littermates (but not TLR2-heterozygous, TLR4-KO (Tlr2(+/À);Tlr4(À/À)) littermates) were used from the crossing among TLR2-heterozygous, TLR4-KO mice. Il1r1 knockout (IL-1RI-KO) mice (formally named B6.129S7-Il1r1tm1Imx/J (RRID:IMSR_JAX:003245)) (Glaccum et al., 1997) , CX3CR1-EGFP mice (formally named B6.129P-Cx3cr1tm1Litt/J (RRID:IMSR_JAX:005582)) (Jung et al., 2000) and Cx3cr1-CreER mice (formally named B6.129P2(Cg)-Cx3cr1tm2.1(cre/ERT2)Litt/WganJ (RRID:IMSR_JAX:021160)) (Parkhurst et al., 2013) in the C57BL/6 strain background were purchased from Jackson Laboratory. Adult male C57BL/6N mice and male ICR mice retired from breeding were purchased from Japan SLC and CLEA Japan, respectively. Mice were housed in a group of four mice in a specific pathogen-free and temperature-and humidity-controlled vivarium under a 12-h light, 12-h dark cycle (light on between 0800 and 2000) with free access to chow and water. 
METHOD DETAILS Social defeat stress (SDS)
Single SDS (S-SDS) or repeated SDS (R-SDS) was applied as described previously (Tanaka et al., 2012) with minor modifications. Briefly, male ICR mice were screened based on their aggressiveness to a male C57BL/6N mouse, as measured by the latency and the number of attacks during the observation period (180 s), and were used as aggressor mice for SDS. Before SDS, 6$12-week-old male mice, were isolated with free access to chow and water for 1 week. Each of the isolated mice to be defeated was introduced and kept in the home cage of a resident aggressor ICR mouse for 10 min daily for 1 day (S-SDS) or 10 consecutive days (R-SDS), except that R-SDS was applied for 4 consecutive days (R-SDS for 4 days) in Figures 3K, 3L , S3F, S3G, and S5D-S5G. The pairs of defeated and aggressor mice were randomized daily to minimize the variability in the aggressiveness of aggressor mice. To examine the time spent for a submissive posture during SDS, behaviors of mice were video-recorded during SDS and analyzed post hoc in a manner blind to the mouse genotype. A submissive posture was defined as a posture of a defeated mouse standing upright with the belly exposed to an aggressor (Tornatzky and Miczek, 1993) . SDS was applied between 1600 and 1900 h in a sound-attenuated room in dim light. Control mice were placed in a novel cage for 10 min daily for the same number of days as R-SDS. Each mouse was subjected to the social interaction test and the elevated plus maze test consecutively, with or without prior R-SDS. In Figure 8 , to reduce the amounts of antibodies to be used, we employed a shorter version of R-SDS, which is composed of three exposures to social defeat for 10 min each, with 5 min intervals between each exposure.
Social interaction test
The social interaction test was performed as previously described (Tanaka et al., 2012) , with minor modifications. A defeated or control mouse was kept for 150 s in an open field chamber (30 cm 3 40 cm) with a wire mesh cage (10 cm 3 6 cm) enclosing an unfamiliar ICR mouse located at one end of the field. Mouse behaviors were video-monitored, and the trajectory of mouse ambulation was automatically determined and recorded by a SMART video tracking system (Harvard Apparatus). A 30 cm 3 15 cm rectangular zone including the wire mesh cage was defined as the social interaction zone ( Figure 1B) . A 30 cm 3 9 cm rectangular zone opposite to the social interaction zone was defined as the social avoidance zone. The durations which each mouse spent in the respective zones were used as indices for the levels of social interaction and social avoidance, respectively. One day before the social interaction test, mice were habituated to the test chamber without an ICR mouse, except in Figure 8 , in which the habituation and the social interaction test were performed on the same day. Traveling distances during this habituation period were used to define noveltyinduced locomotor activity. The social interaction test was performed between 1500 and 1700 h on the following days after R-SDS for 4 or 10 days, unless otherwise stated. It has been reported that the level of social avoidance varies considerably across individual mice. In this study, we defined susceptible mice as those which showed social interaction and social avoidance for less than 40% and more than 60%, respectively, of the observation period. Resilient mice were defined as those which showed social interaction and social avoidance for more than 60% and less than 40%, respectively, of the observation period. These criteria excluded mice that spent most of the time in the middle zone and were thus difficult to categorize as either susceptible or resilient. Indeed, susceptible and resilient wild-type mice comprised most (77.8%) of the total of defeated wild-type mice prepared for the immunostaining (18/45 and 17/45, respectively).
Elevated plus maze test
The elevated plus maze test was performed as previously described (Tanaka et al., 2012) , with minor modifications. An elevated plus maze is composed of two open arms (5 cm wide, 25 cm long, without walls) and two closed arms (5 cm wide, 25 cm long, with 15 cm walls) that are interconnected by a central area of 5 cm square, and it is maintained at a height of 50 cm from the floor. After acclimation to a test environment, a defeated or control mouse was transferred to the center of the elevated plus maze and kept on the maze for 5 min. Mouse behaviors were video-monitored, and the trajectory of mouse ambulation was automatically determined and recorded by the SMART video tracking system (Harvard Apparatus). The proportion of the time that the mouse spent in the open arms during the observation period was determined.
Immunostaining
Immunofluorescent staining for c-Fos, Iba-1, CD68, CD11b, CD45, synaptophysin, and PSD-95 in the brain was performed without SDS, or at 1.5 h and 4 h after S-SDS or the last session of R-SDS. Susceptible mice and resilient mice were chosen according to the social interaction test after the last session of R-SDS for 10 days, and were subjected to an additional SDS at 1.5 h and 4 h prior to sacrifice. Immunofluorescent staining was performed as described previously (Tanaka et al., 2012) with minor modifications. Briefly, under deep anesthesia with intraperitoneal (i.p.) injection of sodium pentobarbital (50 mg/kg; Nacalai), mice were transcardially perfused with 20 mL Dulbecco's modified phosphate buffered saline (D-PBS) followed by 0.1M sodium phosphate buffer (pH 7.4) containing 4% paraformaldehyde. Brains were immersed in 0.1M sodium phosphate buffer (pH 7.4) containing 4% paraformaldehyde and 30% sucrose for 24 h. After the brains were rapidly frozen in OCT compound (Sakura Finetek), coronal brain sections of 30-mm thickness were made with a cryostat (Carl Zeiss MicroImaging). Immunofluorescent staining for HA tag and FLAG tag in cultured cells was performed as described below. The cells were washed with D-PBS and fixed with 0.1M sodium phosphate buffer (pH 7.4) containing 4% paraformaldehyde at RT for 30 min. After washed with D-PBS, the brain sections or the cells were incubated in blocking buffer composed of D-PBS containing 0.3% Triton X-100, 1% normal donkey serum and 0.125% carrageenan for 60 min at room temperature (RT). The sections or the cells were then incubated with appropriate primary antibodies in the blocking buffer at 4 C for 36 h. The primary antibodies used in this study were rabbit polyclonal anti-c-Fos (1:5000 dilution, Ab-5; Millipore, RRID: AB_2314043), rabbit anti-Iba-1 (1:500 dilution, 019-19741; Wako, RRID: AB_839504), mouse anti-NeuN (1:500 dilution, MAB377; Chemicon, RRID: AB_2298772), rat anti-CD68 (1:200 dilution, FA-11; AbD serotec, RRID: AB_322219), mouse anti-CD68 (1:500 dilution, KP1; Abcam, RRID: AB_307338), rat anti-CD45 (1:500 dilution, IBL-3/1; AbD serotec, RRID: AB_321729), rat anti-CD11b (1:500 dilution, 5C6; AbD serotec, RRID: AB_323135), rat anti-GFP (1:500 dilution, 04404-84, Nacalai, RRID: AB_10013361), rabbit anti-RFP (1:500 dilution, 600-401-379; Rockland, RRID: AB_2209751), mouse anti-RFP (1:500 dilution, M165-3; MBL, RRID: AB_1520843), rat anti-HA (1:500 dilution, 11867423001; Roche, RRID:AB_10094468), mouse anti-FLAG (1:1000 dilution, F1804; Sigma-Aldrich, RRID:AB_262044), rabbit anti-synaptophysin (1:1000 dilution, AB16659-1; Abcam, RRID: AB_443419) and mouse anti-PSD-95 (1:1000 dilution, MAB1596; Merck Millipore, RRID: AB_2092365). The sections were washed for 10 min three times at RT in D-PBS containing 0.3% Triton X-100. For immunofluorescent staining, the sections or the cells were incubated with Alexa Fluor 488-, Alexa Fluor 555-or Alexa Fluor 647-labeled secondary antibodies (1:500 dilution; Life Technologies) for 2 h at RT. The sections were mounted on APS-coated glass slides (Matsunami Glass). The sections or the cells were embedded in ProLong Gold Antifade Reagent (Life Technologies). Golgi-Cox staining Golgi-Cox staining was performed using a FD Rapid GolgiStain Kit (FD Neuro Technologies) according to the manufacturer's instructions. Briefly, mice were sacrificed by decapitation at 24 h after the social interaction test, and the brains were quickly collected in MilliQ water. The anterior part of the brain was dissected and immersed in freshly prepared Golgi-Cox impregnation buffer included in the kit. The impregnation buffer was refreshed after 24 h, and the brains were incubated for 2 weeks. After cryoprotection with the cryoprotectant buffer included in the kit at 4 C for 1 week, each brain was frozen in isopentane kept at À80oC and cut into 200-mm sections with a cryostat (Carl Zeiss MicroImaging). The sections were mounted on gelatin-coated slides, dried at RT for 72 h, and stained according to the manufacturer's instructions. The sections were counterstained with Nissl staining. The slides were dehydrated in ethanol, cleared in xylene, and covered with Mount Quick (Daido Sangyo). Images were acquired with a BIOREVO HS All-in-one Fluorescence Microscope (Keyence). The lengths of apical dendrites of Golgi-impregnated pyramidal neurons in the mPFC were measured by ImageJ software post hoc in a manner blind to experimental conditions. Since many layer 6 pyramidal neurons possess short apical dendrites, which are much easier to trace than those of other neuronal populations, we chose layer 6 pyramidal neurons for this analysis.
Analyses of immunofluorescent images
Isolation of microglia from the brain Since CX3CR1-EGFP mice were generated by replacing the open reading frame for CX3CR1 by that for EGFP (Jung et al., 2000) , we used heterozygous CX3CR1-EGFP mice to preserve CX3CR1 function. Cell dissociation from the brain tissue was performed using the Papain Dissociation System (Worthington Biochemical Corporation). Briefly, under deep anesthesia with i.p. injection of sodium pentobarbital (50 mg/kg; Nacalai), CX3CR1-EGFP mice were transcardially perfused with D-PBS, and the brains were rapidly isolated. After the olfactory bulb and the cerebellum were removed, the brains were minced in Earle's Buffer containing papain and DNase I saturated with 95% O2 and 5% CO2 according to the manufacturer's protocol. The small brain tissues were incubated for 60 min at 37 C with rocking and triturated. The dissociated cells were passed through a cell strainer with 70-mm pores (BD Falcon). Myelin was removed using AutoMACS (Miltenyi Biotech) and myelin removal beads (Miltenyi Biotech). Cells were stained with propidium iodide (eBioscience) and subjected to cell sorting using a FACS AriaIII (BD Biosciences). EGFP-positive cells containing microglia and monocytes (a minor population) in the brain, and EGFP-negative cells containing other types of cells were collected. Dead cells were removed according to propidium iodide staining. Total RNA was extracted from the collected cells using an RNeasy Plus Mini kit (QIAGEN).
Quantitative RT-PCR cDNA was obtained from total RNA using a High Capacity cDNA Reverse Transcription Kit (Life Technologies). All PCR experiments were conducted in duplicate using SYBR Premix Ex Taq Transplantation of cultured microglia-like cells into the mPFC Primary microglia were isolated as microglia-like cells, as described previously (Tsuda et al., 2003) . Briefly, brains were removed from the skulls of wild-type neonates at postnatal day 2, and cortices were collected. The cortices were mashed by a cell scraper and passed through a cell strainer with 70-mm pores (BD Falcon). The cells were seeded in a 75-cm2 flask and incubated at 37oC and 5% CO2. After 7-10 days, floating microglia were collected from cultures by shaking a flask at 125 rpm for 60 min and plated on a new culture dish. After the incubation at 37oC and 5% CO2 for 30 min, culture medium was changed to remove unattached non-microglial cells, and adherent cells were maintained until transplantation. Immunofluorescent staining confirmed that more than 90% of adherent cells were Iba-1-positive cells. On the day of transplantation, adherent cells were collected by a cell scraper. The cell suspension was adjusted to 10,000 cells/ml with Hank's Balanced Salt Solution (HBSS; Life Technologies). The cell suspension of 500 nL per injection site was injected bilaterally into the mPFC through a 27-gauge stainless needle attached to a syringe pump (Eicom) while mice were kept under anesthesia with isoflurane (Wako). The stereotaxic coordinates were targeted to the infralimbic cortex: 1.9 mm anterior from the bregma, 0.4 mm lateral from the midline, and 3.0 mm ventral from the skull surface at the bregma according to a mouse brain atlas (Paxinos and Franklin, 2003) . To visualize the distribution of injected microglia, microglia were labeled with carboxyfluorescein diacetate succinimidyl ester (CFSE; Life Technologies) before transplantation. Sham-operated mice received the same treatment, except that HBSS was injected into the mPFC. After a four-week recovery, the mice were subjected to R-SDS for 4 or 10 days. The transplanted cells typically spread around 500 mm from the injection site. The percentage of CFSE/Iba-1 cells over total Iba1 cells was about 50% around the injection site, regardless of whether wild-type or TLR-DKO microglia were transplanted, or whether the mice were defeated or not.
Lentiviral vectors
A lentiviral vector expressing artificial microRNA targeting TLR2/4 with mCherry only in cells expressing Cre recombinase was generated as follows. We designed the sequences for the artificial microRNAs for Tlr2 and Tlr4 according to the website for the BLOCK-iT RNAi Designer (Thermo Fisher Scientific). First, the DNA fragment encoding microRNA (miR) for either Tlr2 (5 0 -TGC TGT GAA GAG TCA GGT GAT GGA TGG TTT TGG CCA CTG ACT GAC CAT CCA TCC TGA CTC TTC A-3 0 and 5 0 -CCT GTG AAG AGT CAG GAT GGA TGG TCA GTC AGT GGC CAA AAC CAT CCA TCA CCT GAC TCT TCA C-3 0 ) or Tlr4 (5 0 -TGC TGT TCA CGT AGA AAC TGT AAG TCG TTT TGG CCA CTG ACT GAC GAC TTA CAT TCT ACG TGA A-3 0 and 5 0 -CCT GTT CAC GTA GAA TGT AAG TCG TCA GTC AGT GGC CAA AAC GAC TTA CAG TTT CTA CGT GAA C-3 0 ) was subcloned into pcDNA6.2-GW/EmGFP-miR (Life Technologies). The resultant vectors were named pcDNA6.2-GW/EmGFP-TLR2miR and pcDNA6.2-GW/EmGFP-TLR4miR, respectively. The open reading frame of EmGFP in pcDNA6.2-GW/EmGFP-TLR4miR was replaced with that of mCherry to generate pcDNA6.2-GW/mCherry-TLR4miR. The fragment encoding Tlr2miR was obtained from pcDNA6.2-GW/EmGFP-TLR2miR and inserted between the BglII and XhoI sites downstream of Tlr4miR of pcDNA6.2-GW/mCherry-TLR4miR. The fragment encoding mCherry plus Tlr4miR and Tlr2miR in tandem (TLR2/4 microRNA) was obtained from the resultant construct and inserted between AscI and NheI sites of pAAV-EF1a-DIO-EYFP vector (Addgene). The resultant vector was digested with AgeI and SphI to obtain a fragment containing loxP/lox2272 sequences for the FLEx switch, the open reading frame of mCherry, and the sequence encoding TLR2/4 microRNA, and this fragment was used to replace the open reading frame of GFP in pLV-PGK-GFP (Å kerblom et al., 2013) (a kind gift from Dr. Johan Jakobsson at Lund University). The resultant plasmid was named pLV-PGK-DIO-mCherry-TLR4miR-TLR2miR, and was used to generate the lentiviral vector expressing TLR2/4 microRNA and mCherry specifically in cells expressing Cre recombinase. For simultaneous knockdown of endogenous Tlr2 and Tlr4 in the N9 microglial cells (a kind gift from Dr. Makoto Tsuda at Kyushu University), the fragment encoding mCherry and TLR2/4 microRNA was obtained from pLV-PGK-DIO-mCherry-TLR4miR-TLR2miR by PCR and inserted between SphI and AgeI sites of pLV-PGK-Sph/Pst, a plasmid derived from pLV-PGK-GFP containing an additional multiple cloning site. Then, the fragment containing the PGK promoter and blasticidin-resistance gene (blasticidin S deaminase, bsd) was obtained from pLenti6.4/ R4R2/V5-DEST (Life Technologies) and inserted into the KpnI site. The resultant plasmid was named pLV-PGK-mCherry-TLR4miR-TLR2miR-PGK-bsd, and was used to generate the lentiviral vector expressing TLR2/4 microRNA, mCherry and the blasticidin-resistance gene constitutively.
To generate a lentiviral vector expressing control microRNA, the DNA fragment encoding control microRNA (5 0 -TGC TGA AAT GTA CTG CGC GTG GAG ACG TTT TGG CCA CTG ACT GAC GTC TCC ACG CAG TAC ATT T-3 0 and 5 0 -CCT GAA ATG TAC TGC GTG GAG ACG TCA GTC AGT GGC CAA AAC GTC TCC ACG CGC AGT ACA TTT C-3 0 ), which can form a hairpin structure processed into mature microRNA, but is predicted not to target any known vertebrate gene, was used instead of those encoding Tlr2 microRNA and Tlr4 microRNA. The resultant plasmid contains loxP/lox2272 sequences for the FLEx switch, the open reading frame of mCherry, and the sequences encoding two copies of control miRNA in tandem, and was used to generate the lentiviral vector expressing control miRNA and mCherry only in the presence of Cre recombinase.
A lentiviral vector expressing either a Tlr2 or Tlr4 synonymous mutant resistant to the respective miRNA simultaneously with TLR2/ 4 microRNA specifically in cells expressing Cre recombinase was generated as follows. The open reading frames of Tlr2 and Tlr4 attached with HA-tag and FLAG-tag at the C-terminals, respectively, were PCR-amplified from pCMV-SPORT-mTLR2 and pCMV-SPORT6-mTLR4 using primers containing sequences for the respective tags (for HA, 5 0 -TAT CCC TAT GAT GTG CCA GAC TAT GCT-3 0 and for FLAG, 5 0 -GAC TAC AAG GAT GAC GAT GAC AAG-3 0 ). The amplified open reading frames were inserted between AgeI and SalI sites of pLV-PGK-Sph/Pst to generate pLV-PGK-TLR2-HA and pLV-PGK-TLR4-FLAG. Seven or 8 nucleotides within the microRNA-targeting regions of Tlr2 and Tlr4 in these plasmids were substituted without changing their amino acid sequences (see Figures S6C and S6D ) by PCR to generate pLV-PGK-TLR2mt7-HA and pLV-PGK-TLR4mt8-FLAG, respectively. The open reading frames of the mutated Tlr2 and Tlr4 (TLR2mt7-HA and TLR4mt8-FLAG, respectively) were obtained from pLV-PGK-TLR2mt7-HA or pLV-PGK-TLR4mt8-FLAG by PCR and inserted between the NheI and BsstBI sites of pLV-PGK-DIOmCherry-TLR2/4 miRNA to replace the open reading frame of mCherry in this plasmid. The resultant plasmids were named pLV-PGK-DIO-TLR2mt7-HA-TLR2/4 miRNA and pLV-PGK-DIO-TLR4mt8-FLAG-TLR2/4 miRNA. Lentiviral vectors were produced as described previously (Hioki et al., 2007) . The plasmids generated above and helper plasmids from a Lenti-X HTX packaging System (Clontech) were transfected into Lenti-X 293T cells (a derivative of HEK293T cells; Clontech) with Xfect Polymer (Clontech). At 8 h after transfection, the medium was replaced with virus production medium containing UltraCULTURE (Cambrex), 0.1 M MEM Non-Essential Amino Acids (NEAA; Life Technologies), 4 mM L-glutamine (Life Technologies), 2 mM GlutaMAX (Life Technologies) and 1 mM sodium pyruvate (Nacalai). The medium was collected at 48 h after transfection and concentrated with an Amicon Ultra-15 Centrifugal Filter Unit (Millipore). To determine the titer of the generated lentiviral vectors, genomic RNA was extracted from the lentiviral vectors and subjected to quantitative RT-PCR analysis using a Lenti-X qRT-PCR Titration Kit (Clontech).
Knockdown of TLR2/4 in cultured cells
Plasmids containing cDNA clones encoding mouse Tlr1, Tlr2, Tlr 3, Tlr4, Tlr5, Tlr6, Tlr7, Tlr8, Tlr9, Tlr11, Tlr12 and Tlr13 were obtained from GE Dharmacon, Addgene, and R&D Systems. The plasmids containing mouse Tlr1, Tlr2, Tlr4, Tlr6 and Tlr9 have the CMV promoter, so that the respective genes are constitutively expressed. Since the other plasmids do not have any promoter sequence, the open reading frames of the respective genes were subcloned into pcDNA3.1 to generate the mammalian expression plasmids with a CMV promoter. To quantify the knockdown efficiency of TLR2/4 microRNA, both a TLR-expressing plasmid and a microRNA-expressing plasmid were transfected into Lenti-X 293T cells with Lipofectamine 2000 (Thermo Fisher Scientific). At 48 h after transfection, the cells were harvested to purify total RNA using a Nucleospin RNA kit (Macherey-Nagal). For simultaneous knockdown of endogenous Tlr2 and Tlr4 in the N9 microglial cells, the cells were infected with the lentivirus vector which expresses TLR2/4 microRNA, mCherry, and the blasticidin-resistance gene (pLV-PGK-mCherry-TLR4miR-TLR2miR-PGK-bsd). From the next day, the cells were incubated with blasticidin (final concentration; 5 mg/ml) for two days. After blasticidin was removed, the cells were cultured for 4 days, and then harvested to purify total RNA. The specificity and efficiency of the knockdown were validated using quantitative RT-PCR, as described above.
Injection of lentiviral vectors into the mPFC
Under anesthesia with isoflurane, a lentiviral solution of 500 nL per injection site at 2 3 10 9 copies/ml was stereotaxically pressureinjected at two sites in each hemisphere, bilaterally, into the mPFC using a PV-830 Pneumatic PicoPump (World Precision Instruments) through a glass micropipette made with a PN-30 micropipette puller (Narishige). The stereotaxic coordinates were targeted to the infralimbic cortex: 1.9 mm anterior from the bregma, 0.3 and 0.5 mm lateral from the midline, and 3.0 mm ventral from the skull surface at the bregma according to a mouse brain atlas (Paxinos and Franklin, 2003) .
Transcriptome analyses
For transcriptome analysis in mPFC tissue, wild-type mice were subjected to R-SDS. At 4 h after the last stress exposure, mice were transcardially perfused with ice-cold D-PBS under deep anesthesia with i.p. injection of sodium pentobarbital. Brains were sliced at 0.5-mm intervals using a mouse brain slicer matrix. mPFC was collected in RNA Later (Life Technologies) using a 1.5 mm biopsy punch (Kai Industries). Total RNA was prepared using an RNeasy Plus Mini kit (QIAGEN). The resultant RNA (35 ng per array isolated from the mPFC of an individual mouse) was converted to cDNA using a Low Input Quick Amp Labeling Kit (Agilent Technologies). The cDNA samples were used to synthesize Cy3-labeled cRNA using a Low Input Quick Amp Labeling Kit (Agilent Technologies). The resultant Cy3-labeled cRNA was fragmented and hybridized with a SurePrint G3 Mouse GE 8 3 60K Microarray (Agilent Technologies). For mPFC microglia-or NAc microglia-specific transcriptome analyses, CX3CR1-EGFP mice and TLR-DKO mice were crossed to generate CX3CR1-EGFP mice lacking TLR2 and TLR4 (TLR-DKO; CX3CR1-EGFP mice). CX3CR1-EGFP mice and TLR-DKO; CX3CR1-EGFP mice were subjected to R-SDS. At 90 min after the last stress exposure, mice were transcardially perfused with ice-cold D-PBS under deep anesthesia with i.p. injection of sodium pentobarbital. Brains were sliced at 0.5-mm intervals using a mouse brain slicer matrix. The mPFC and NAc were collected using a 1.5 mm biopsy punch (Kai Industries). EGFP-positive cells were isolated as described above. To ensure that each sample had 500 pg of total RNA, which was sufficient for subsequent processing, microglia isolated from the mPFC or NAc of 3-6 mice were pooled for each sample. Total RNA was prepared using an RNeasy Plus Mini kit (QIAGEN). The resultant RNA was amplified and converted to cDNA using an Ovation RNA Amplification System V2 (NuGEN). The cDNA samples were used to synthesize Cy3-labeled cDNA using a SureTag DNA labeling kit (Agilent Technologies). The resultant Cy3-labeled cDNA was hybridized with a SurePrint G3 Mouse GE 8 3 60K Microarray (Agilent Technologies).
Signal values were normalized to the average across all probes on each chip. Signals for a given probe were considered to be significantly different between two groups if the difference was larger than two-fold and significant for an unpaired t test at the 5% false positive rate. These analyses were performed using Gene Spring 12.6 (Agilent Technologies).
Local infusion of neutralizing antibodies into the mPFC
Under anesthesia with isoflurane, cannulas were implanted into the mPFC. The stereotaxic coordinates were targeted to the infralimbic cortex as described above. After a 7-day recovery, 1 mL of PBS containing a mixture of neutralizing antibodies to ; eBioscience, RRID:AB_469199) and TNFa (506331; BioLegend, RRID:AB_11147367) (0.25 mg each) per injection site was pressure-injected bilaterally into the mPFC using a microsyringe pump (Eicom). For a negative control, either or both of the two antibodies were replaced by the same amount of corresponding isotype antibodies (16-4888-85; eBioscience, RRID:AB_470172 and 400431; BioLegend, RRID:AB_11150233). At 2 h after the infusion, mice were subjected to a shorter version of R-SDS, followed by the social interaction test, as described above.
QUANTIFICATION AND STATISTICAL ANALYSIS
We did not exclude any samples (e.g., mice and neurons) from our statistical analyses. Data are shown as means ± SEM. Comparison of two groups was analyzed by a two-sided unpaired t test, with Welch's correction if the assumption of equal variance was violated. For comparison of more than two groups, multiple comparison tests with Bonferroni correction were used. For correlative analyses, a Pearson correlation was performed. The analyses were performed with PRISM 7.0 software (GraphPad). P values less than 0.05 were considered to be significant. All the statistical details can be found in Table S1 .
DATA AND SOFTWARE AVAILABILITY
The raw data have been deposited in the Mendeley Data under the following URL: https://data.mendeley.com/datasets/2tyyncv6rm/1.
The accession number for the DNA microarray data reported in this paper is GEO: GSE115996.
